Providing systematic studies on the effect of CNT properties on MFC power generation. CNTs grown on stainless steel mesh (SSM) provide 3D surface for microbial biofilm. Longer and loosely-packed CNTs provide more sites for microbes to transfer charge. CNTs with minimum amorphous carbon improve electron transfer from microbes. CNT anode (3360 mW m À2 ) produces 7.4 times higher power compared to carbon cloth. : Microbial fuel cell Carbon nanotube electrode Stainless steel mesh Three dimensional electrode Direct synthesis of carbon nanotube a b s t r a c t In microbial fuel cells (MFCs), physical and electrochemical interactions between microbes and electrode surfaces are critical to performance. Nanomaterial-based electrodes have shown promising performances, however their unique characteristics have not been fully utilized. The developed electrodes here consist of multi-wall carbon nanotubes (MWCNTs) directly grown in the radial direction from the wires of stainless steel (SS) meshes, providing extremely large three-dimensional surfaces while ensuring minimal ohmic loss between CNTs and SS meshes, fully utilizing the advantages of CNTs. Systematic studies on how different lengths, packing densities, and surface conditions of CNTs affect MFC power output revealed that long and loosely packed CNTs without any amorphous carbon show the highest power production performance. The power density of this anode is 7.4-fold higher compared to bare carbon cloth, which is the highest reported improvement for MFCs with nanomaterial-decorated electrodes. The results of this study offer great potential for advancing the development of microbial electrochemical systems by providing a highly efficient nanomaterial-based electrode that delivers large surface area, high electrochemical activity, and minimum ohmic loss, as well as provide design principles for next-generation nanomaterial-based electrodes that can be broadly applicable for highly efficient microbial electrochemical cells.
Introduction
Microbial fuel cells (MFCs) are sustainable "green" technologies that generate electricity by converting the biochemical energy of microbial metabolism into electrical energy [1, 2] . However the current power performance of MFCs is not sufficiently high to make the technology commercially viable. Maximizing contact and minimizing electron loss between electrochemically active bacteria (EAB) and anodes of MFCs provide routes to improve MFC power performances and lowering the cost of MFCs [3] . A key event occurring at anode-microbe interfaces is electron generation by metabolically and electrochemically active microorganisms [4, 5] followed by the transfer of generated electrons to anode surfaces through a combination of direct contact, microbial pili (or nanowires), and/or soluble mediators [6, 7] . Regardless of the electron transfer routes, large electrode surface areas promote interactions between microbes (and their corresponding electron shuttle systems) while minimizing the internal electrical resistance.
Carbon cloth is a common electrode material for MFCs because of its relatively low cost and biocompatibility [8] . Threedimensional (3D) carbon electrodes, in the form of electrospun carbon fiber electrodes [9] or carbon brush [10] electrodes are also used in MFCs, as their 3D structures can provide large surface areas for microbial attachment. However, these conventional electrodes have limited surface areas when compared to nanomaterial-based electrodes. Nanomaterials offer exceptionally large surface-tovolume ratios as well as unique electrochemical properties such as strong charge interactions with organic matter. Recently, various nanomaterials such as metal nanoparticles [11] , carbon nanotubes (CNTs) [12e17] , and CNT composites [18, 19] have been used as additives to MFC anodes. For example, multi-wall (MW) CNTs were attached to carbon cloth, papers, or textiles by using simple dipping methods in CNT solutions to increase the electrical conductivity and surface area of electrodes, resulting in 20e150% enhancement in power density [12, 15, 17] . The observed improvements in power generation with these electrodes were thought to arise as a consequence of better interactions between EABs and electrodes mainly due to improved electrical conductivity and increased surface areas. Nevertheless, the influence of the physical and geometrical properties of these nanomaterials on power output has not been systematically studied. This analysis is of high importance as nanomaterials can have wide varieties of different physical and geometrical properties depending on their synthesis conditions, including those of CNT-based electrodes.
Notwithstanding large surface-to-volume ratios of CNTs, the aforementioned relatively low power improvement is likely to come from non-optimal use of nanomaterials. For instance, the dipping method makes CNTs lie on the surface of carbon cloth rather than stand erect on this substrate [17] . This configuration significantly impairs the full utilization of large surface-to-volume ratio of CNTs. In cases where CNTs are embedded in polymer composites, CNT surfaces are not fully exposed for charge interactions. These electrode designs also require electrically insulating (or poorly conducting) matrices (e.g., polymer binders) and/ or surfactants for CNT dispersions. Thus, electrical contacts between CNTs themselves as well as between CNTs and host electrodes are often poor due to the presence of the intervening insulating organic matter. Here, we attempt to investigate how different lengths, packing densities, and surface conditions of CNTs used as anodes affect MFC power output, as well as propose a CNTdecorated anode configuration that maximizes electron transfer. We expect that this systematic study will result in design principles for developing next-generation nanomaterial electrodes.
Experimental

Synthesis of CNT electrodes
MWCNTs were grown on stainless steel (SS) meshes by using a water-assisted chemical vapor deposition (CVD) method. SS 304 and 316 meshes with 400 x 400 mesh size (opening width~38 mm) and~25 mm wire diameter (McMaster-Carr) were used as base electrodes. In order to control the physical properties of CNTs, different catalyst layers were prepared to have five different physical attributes of CNTs (Table 1) . For samples S-LD, M-LD, and L- LD, a 10 nm thick Al film followed by a~6 nm thick Fe film were deposited on SS 304 meshes by using electron-beam deposition. For sample L-HD, the thickness of Fe film was reduced to~5 nm. For sample M-LD-AC, the surface of SS 316 meshes was roughened by immersing the meshes in 12.4 M HCl for 30 min. This pretreatment was performed in order to control the morphology of CNTs. For typical CVD processes, the prepared SS meshes (1 inch by 2 inch) were placed at the center of a 1 inch diameter furnace tube. The temperature of a tube furnace was then ramped up to 800 C in 10 min with 800-sccm dry Ar. The SS mesh was annealed at 800 C with 80-sccm wet Ar and 100-sccm dry Ar for 10, 16, 20, 13, and 5 min respectively for samples S-LD, M-LD, and L-LD, L-HD, and M-LD-AC. The wet Ar was prepared by passing pure Ar (99.999%) through a bubbler containing deionized water. After the annealing process, 200 sccm H 2 (99.999%) and 100 sccm C 2 H 4 (99.999%) were added to grow CNTs at 800 C for 30, 30, 60, 30, and 60 min respectively for samples S-LD, M-LD, and L-LD, L-HD, and M-LD-AC.
CNT characterization
In order to characterize the CNT morphology, scanning electron microscopy (SEMs) were obtained with a JEOL JSM-7500F before and after the MFC runs. In order to inspect microbes with SEMs, pretreatment was conducted. The electrodes were first rinsed with phosphate buffered saline (PBS), and then the microbes were immediately fixed using an anaerobic solution of 4% glutaraldehyde and 4% formaldehyde for 10 h. Then, the samples were carefully rinsed three times in PBS (pH 7.0) and once in deionized water. Samples were then subjected to a serial dehydration protocol using increasing concentrations of ethanol (25, 50, 75 , 90, and 100 wt%; 30 min for each stage with very gentle periodic agitation) and then dried completely at room temperature overnight. Transmission electron microscopy (TEMs) were obtained with a JEOL JEM 2010 to further characterize the surface conditions of CNTs, such as the graphitic layers of CNTs and the amorphous carbon layer ( Fig. S1 ).
MFC setup and operation
Microfabricated 24-well MFC arrays ( Fig. S2 ) were used for testing the CNT-SS mesh electrodes in parallel. The MFC arrays with 24 independent cells were developed to compare different microbial electrochemical activities. The device was prepared with at least three replicas for each electrode, and their power densities were averaged with standard deviations. The CNT-SS mesh electrodes were punched and attached to gold-deposited anode-side pads using silver epoxy (MG Chemicals). Platinum-loaded carbon paper (0.5 mg cm À2 , ElectroChem, Inc.) electrodes were also bonded to the cathode-side pads with the same method. Subsequently, the epoxy was cured in an oven for 15 min at 60 C to maximize its conductivity and bond strength. Fig. S2a shows a 24well anode electrode/chamber layer with the CNT-SS mesh electrodes. The cathode chambers were filled with potassium ferricyanide (100 mM) and the anode chambers were inoculated with Shewanella oneidensis (SO) MR-1 (see the Supporting Information for the preparation). Finally, all components ( Fig. S2b ) were assembled into a system ( Fig. S2c ). All parts were sterilized with 70% ethanol right before assembling the device. The assembled device was connected to a printed circuit board (PCB) that has a series of 8 different resistors for each of the 24 units on the device and controlled by multi-position dip switches (Fig. S2c ). The switch box module was connected to a digital multimeter through a multiplexer (National Instruments) for continuous voltage measurements across the different resistors monitored via a LabView™ (National Instruments) interface. The measured voltage was converted to current using the Ohm's law, and power output was calculated by multiplying voltage and current. This allowed measurement of power outputs from each of the 24 wells continuously at various load resistances, generating polarization curves for each of the 24 wells as a function of time. Two-chamber MFC was constructed from two 50 mL acrylic chambers separated with a proton exchange membrane (PEM) (Nafion 117™, Ion Power Inc.) that was placed between silicon rubber gaskets to prevent liquid leak (see the Supporting Information for the details).
MFC characterization
Cyclic voltammetry was carried out to compare the electrochemical activities of the CNT electrodes by measuring current during the oxidation of ferrocyanide. A three-electrode electrochemical cell was prepared with the CNT-SS electrode attached to glassy carbon as a working electrode, a platinum wire as a counter electrode, and an Ag/AgCl electrode in 3-M KCl as a reference electrode. Potassium ferrocyanide (K 4 Fe(CN) 6 ) (50 mM) was used as an electrolyte at room temperature. The potential on the working electrode was varied from À0.1 to 0.6 V against the Ag/AgCl reference electrode, and current was measured during the potential scanning. The obtained current was converted to current density based on the projected surface area (0.32 cm 2 ) of the working electrode. Chronoamperometry was conducted by applying a potential of 500 mV so as to cause electrochemical oxidation of Fe(CN) 6
4À
. The measurements were performed three times with different pieces obtained from each sample. The active surface area of the CNT-SS electrodes was normalized by CNT mass after subtracting the contribution from the SS mesh electrode so as to obtain only CNT characteristics. The uncertainty (s) of all the plots was calculated with each data point (x i ) and mean value (m), and the number of data (n):
Results and discussion
The SS mesh was selected to serves as a backbone of the 3D electrode material. CNTs grown in the radial direction from the wires of the meshes can provide extremely large surface areas and thus have the potential to maximize contact between EABs and the electrodes, facilitating the transfer of electrons from EABs to the anodes. CNTs were directly synthesized on the SS wires to ensure minimal ohmic loss between CNTs and SS meshes compared to attaching CNTs on electrodes with binders as conventionally done. Table 1 lists five different types of CNT SS mesh electrodes developed in this study. Fig. 1a shows a bare SS mesh as a reference. Fig. 1b shows CNTs grown on a wire of an SS mesh after scratching off a row of CNTs along the axis of the mesh wire, so as to clearly display excellent physical contacts between the SS mesh and CNTs.
CNTs of different lengths (8, 13 , and 19 mm, Fig. 1cee , respectively), all being relatively low-density and loosely packed, were synthetized by controlling the catalyst activation time and moisture level. It has been reported that moisture activates the catalyst [20, 21] , which we found to be the most important parameter in determining CNT growth rates. With a longer activation time, higher growth rates were observed. The growth time with the carbon source was also controlled [22] to vary the CNT lengths. A previously developed 24-well MFC array ( Fig. S2 ) having 24 arrays of sub-milliliter anode and cathode chambers and proven to be ideal for screening applications [23] was utilized to test the shortterm power performances of the developed electrodes. SO MR-1 was used as the EAB and tryptic soy broth (TSB) as substrate for controlled comparison, as wastewater is highly variable, making it not suitable for across-the-board comparison. Comparison of power densities from the electrodes with CNTs of different lengths (Samples S-LD, M-LD, and L-LD) and that from a bare SS mesh (control) showed not only significant improvement, but also significant variations depending on the CNT lengths ( Fig. 2a ). As schematically shown in Fig. 2b , with longer CNTs, it is expected that the number of microbes interacting with the CNT electrode increases along the stem of CNTs. Microbial attachment throughout the length of the CNTs like tentacles capturing microbes was confirmed by SEMs ( Fig. 2c showing side view; Fig. 2d showing top view). On the contrary, only a small number of microbes (cylindrical slender objects shown in the inset of Fig. 2e ) can be laid on the limited two-dimensional wire surface of a bare SS mesh, resulting in low power output. This reflects the significantly higher (~940% improvement) power density with the longest CNTs (~19 mm; sample L-LD;~450 mW m À2 at~3600 mA m À2 ) compared to that of the bare SS mesh control (~0.48 mW m À2 ).
SEM images in Fig. 2eeh , which respectively depict bare mesh, short, medium and long CNTs (samples S-LD, M-LD, and L-LD) showed significantly more microbes on the electrode with the longest CNTs than their shorter counterparts. This finding correlates well with the significant differences in power densities, as the power density from the long CNTs (L-LD;~19 mm; 450 mW m À2 ) was 28% higher than that from the short CNTs (S-LD;~8 mm; 350 mW m À2 ). However the power improvement was limited compared to that from the medium-length CNTs (sample L-LD showing only 5% higher power than sample M-LD;~13 mm; 425 mW m À2 ). Overall, this result supports the idea that the larger surface areas provided by long CNTs gives higher power output due to the increased numbers of sites for EABs to attach on the electrodes.
Another key aspect influencing the MFC power output is the accessibility of microbes to the CNT surfaces. To investigate this effect, the packing density of CNTs was varied by depositing a thin catalyst layer (<5 nm Fe) for the densely packed (aligned) CNTs (sample L-HD), compared to a thick catalyst layer (>5 nm Fe) used for the loosely packed CNTs (samples S-LD, M-LD, and L-LD). Since thinner layers often result in smaller and more sites for initiating CNT growth, this resulted in high-density highly aligned CNTs ( Fig. 1f ; L-HD). As schematically shown in Fig. 3a , when CNTs are highly aligned and densely packed, the limited space between CNTs is expected to prevent microbes from intercalating into the CNT forest. Indeed, microbes were observed mainly at the tips of the CNTs but not associated with the underlining CNTs (Fig. 3b ), most likely due to the lack of physical space between the CNTs. The reduced number of microbes, in turn, significantly lowered the maximum power density to 43% (193 mW m À2 for L-HD) of that from the low-density CNT electrode (450 mW m À2 for L-LD) (Fig. 3c ). Note that the lengths of CNTs in the low-density CNT electrode (L-LD) and the high-density CNT electrode (L-HD) were similar (~19 mm). Mink et al. also used MWCNTs grown through a plasma enhanced CVD method on Cr/Ni catalysts. However this approach showed a power improvement of only 26% compared to bare carbon cloth, probably because microbial growth inside the CNT forest was limited due to the densely packed CNTs and relatively small surface areas due to the large diameters (200e400 nm) of the CNTs used in their experiments [13] . The microbial colonization of only the top part of the CNTs does not significantly improve the performance, thus the loosely packed CNTs presented in this work that allow for microbial attachment throughout the entire CNTs can contribute to higher power output than densely packed CNTs.
As non-optimal growth of CNTs can easily result in a layer of amorphous carbon on CNTs, we investigated how electrical contacts between microbes and CNTs influence the MFC power output by preparing a CNT electrode having amorphous carbon layers deposited on the graphitic carbon layers of CNTs. The CNT surface condition was altered by etching SS meshes with an aqueous HCl solution. The etching process roughens the surface of SS meshes, revealing relatively large catalytic Fe sites for CNT growth. This resulted in CNTs covered intentionally with a layer of amorphous carbon (Fig. 1g) . This thick amorphous carbon coating layer was responsible for the uneven surfaces and larger diameters of CNTs (Fig. 1h) as opposed to the other samples (no amorphous carbon layers) displaying smooth surfaces and smaller diameters (inset of Fig. 1c ). The peak power density of the amorphous carbon-coated CNT electrode (M-LD-AC) resulted in 50% reduction in power tõ 210 mW m À2 , compared to that of similar length and density containing a negligible amount of amorphous carbon (M-LD; 425 mW m À2 ) (Fig. 4a) . A transmission electron micrograph (TEM) of the CNT electrode covered with amorphous carbon shows that a thick carbon layer wrapped around the CNTs (outer walls of CNTs are marked by arrows in Fig. 4b ). This coating layer made the overall diameter of these CNTs thicker (100 nm) compared to samples without the amorphous carbon coating (30e60 nm; Fig. 4c and Fig. S1 ).
The relatively low power density from the amorphous carboncoated CNT-SSM electrodes can be ascribed to the amorphous carbon surface covering graphitic layers. The graphitic layer of CNTs often makes relatively strong bonding with organic molecules due to dangling bonds and pep interactions [24] . Electrochemically active bacteria can transfer electrons through their pilin nanofilaments or microbial nanowires though p-p interchain stacking and delocalization of charges [25e28], suggesting intimate interactions between microbial nanowires and CNTs. Therefore, the amorphous carbon layer would result in a weaker bonding and thereby a large ohmic loss.
The charge transfer capabilities of the CNT electrodes were further analyzed by performing cyclic voltammetry to obtain potential-current characteristics (Fig. 5a ). Peak current values (I p ) were obtained by averaging the results obtained from three different pieces that were cut from each electrode (Fig. 5b ). All CNT electrodes produced higher current peaks than the bare SS mesh. The long-CNT electrode (L-LD) resulted in the highest oxidation current peak compared to the medium-length and short-length CNT electrodes (M-LD and S-LD). The oxidation slope of the long-CNT was also steep, implying favorable charge transfer. The CNT electrode with amorphous carbon (M-LD-AC) produced relatively low peak current density, likely due to the amorphous carbon layers on the CNTs. Overall, electrodes with higher power densities also showed higher peak current densities. A peculiar trend was observed from the high-density CNT electrode (L-HD), which resulted in a relatively high current density even though the power density was low. This result may come from the large surface area of the densely packed CNTs whose interspaces are large enough for liquid electrolytes to get into the CNT forest but not sufficient for microbes.
The active surface area (A) was also estimated by fitting experimental current data (I) as a function of time (t) at a given voltage to the Cottrell equation:
where n, stoichiometric number of electrons involved in the reaction is 1; F, Faraday's constant is 96485C mol À1 ; C 0 , concentration of electroactive species is 5 Â 10 À5 mol cm À3 ; and D 0 , diffusion constant for electroactive species is 8.12 Â 10 À6 cm 2 s À1 . The active surface area (~740 m 2 g À1 ) of the long, low-density CNT electrode (L-LD) was found to be extremely large ( Fig. 5c ), which was much higher than the geometrically calculated surface area (~50 m 2 g À1 ) [29] of CNTs whose diameters were~35 nm. The active surface area displayed a trend similar to the power performance. However, it should be noted that the active surface area was normalized by CNT mass to show electrochemically active surface area per unit CNT mass (i.e., independent of CNT length difference). Interestingly, this plot suggests that the electrochemical reactivity of the CNTs were different from electrodes to electrodes. The CNTs in the low-density CNT electrodes (regardless of their lengths) had larger active areas than those of high-density or amorphous-carbon coated CNT electrodes. The differences in performance between the CNT electrodes with different lengths may be related to the density of CNTs. The density of CNTs near their roots (i.e., SS mesh) was higher due to the growth in the radial direction compared to the density near the CNT tips. When electrochemically active species are oxidized on the surface of CNTs, we believe that they become depleted faster near the root of the CNTs than the tip due to the limited diffusion rate. Since the density of CNTs at the tip is lower than the density near the root because of the radial CNT configuration, the effective electrochemical reactivity of longer CNTs become higher compared to that of shorter CNTs. According to the chronoamperometry results ( Fig. 5c ), the high-density CNT electrode has the smallest active areas, presumably due to the densely packed CNT configuration.
Based on these systematic studies, the CNT electrode having long, loosely-packed, and low-density CNTs without any amorphous carbon showed the highest power improvement during the short-term studies. Therefore, this electrode was selected for testing its long-term performance in a two-chamber MFC (100 mL). The MFC anode chamber (50 mL) was inoculated with anaerobic wastewater and fed with acetate (see Supporting Information for details). After 4e5 days of operation, MFC voltage increased to greater than 0.6 V (Fig. 6a ). Polarization curves was obtained after the fresh acetate medium addition, and showed maximum power density of 3360 mW m À2 . This power density is 7.4-times higher than that from a bare carbon cloth electrode (456 mW m À2 ) ( Fig. 6b) , which is the largest percentage increase with CNTmodified anode reported so far, to the best of our knowledge. The absolute power density from this result is also amongst the highest power densities reported so far (see Table S1 for comparison), however direct comparison of power densities across different MFC platforms and wastewater substrates remains a challenge. Electrochemical impedance spectroscopy (EIS) tests were conducted at open circuit voltage and the Nyquist curves are shown in Fig. 6c . The charge transfer resistance of the electrode after microbial biofilm was lower than that of bare carbon cloth, demonstrating that the CNT-grown SS mesh has better performance due to the larger surface area and enhanced biofilm formation which is shown in the SEM image taken after 3 months of MFC operation (Fig. 6d) .
Overall, the large performance improvement was probably facilitated by the excellent electrical conductivity of CNTs (10 5~1 0 7 S m À1 ) [30, 31] , which provides excellent charge pathways with minimal ohmic loss throughout the multiple layers of microbes. For typical two-dimensional electrodes, thick biofilms generally contribute to higher electricity generation but their electron transfer efficiency is low due to significant ohmic loss caused by the low electrical conductivity of biofilms (e.g., Geobacter sulfurreducens biofilms was measured to be~5 Â 10 À3 S cm À1 ) [28] . In this case, only a few layers of microbes near electrodes have good charge interactions. Several groups utilized CNT dipping methods, including Xie et al. who fabricated the CNT-textile by dipping a piece of non-conductive textile in CNT ink and improved the power density 68% compared to carbon cloth [15] . The dipping method does not provide strong connection between the CNTs and the base material and thus limits the electron transfer from microbes. Similar methods were also used in several other works [12, 14] but the power improvements compared to control electrodes were limited, presumably due to the same reason. The CVD method to directly grow CNTs on the base electrode materials as presented here can increase the efficiency of charge transfer due to the stronger attachment of CNTs. As such, the CVD method used on graphite felt showed 5 times improvement compared to bare electrode [16] . Indeed, the currentevoltage sweeping measurements using out electrodes revealed that the contacts between the SS wires and CNTs are ohmic (Fig. S3 ). The stainless steel mesh in our experiment appears to be stable in a short term such as several months. This could be due to direct synthesis of CNTs on SS meshes that coats the meshes with carbon, improving corrosion resistance. However the long-term stability of more than one year for stainless steel still need to be investigated. The use of SS mesh, which can be several times cheaper than the graphite felt, has thus strong potential towards low-cost high-performance MFC anode materials.
Conclusion
In summary, we synthesized tentacle-like CNTs directly grown from SS meshes in the radial direction of mesh wires, providing microbes with three-dimensional and large surface areas. CNTs captured microbes like tentacles, resulting in excellent charge transfer characteristics presumably due to pep stacking between the graphitic carbon rings of CNTs and the pili of microbes. Another key feature of our new electrodes is their minimal ohmic loss due to the direct growth of CNTs from SS meshes. The systematic variation of CNT length, density, and surface condition elucidated the contribution of each parameter to the power performance. It was found that the longer CNTs provided more sites for microbes to transfer charge, resulting in higher power output. It was also important to maintain large enough spaces between CNTs for microbes to be intercalated in between. We also found that the graphitic layer of CNTs with minimum amorphous carbon provided an excellent substrate for charge interaction. The CNT-SSM electrode that showed the best performance during short-term testing (long, loosely-packed, and no amorphous carbon) was further tested with wastewater and its long-term performance showed maximum power density of 3360 mW m À2 , 7.4-times higher than that from carbon cloth, being amongst the highest power improvements in nanomaterial-based MFC anodes. Here, we fabricated a highly efficient nanomaterial-based electrode that offer great potential for advancing the development of microbial electrochemical systems.
